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Abstract. We analyze the contribution of the SUSY particles to the coupling of the lightest Higgs boson to
two photons in supersymmetric theories. We discuss to what extent these contributions can be large enough
to allow for a discrimination between the lightest SUSY and the standard Higgs particles in the decoupling
limit where all other Higgs bosons are very heavy and no supersymmetric particle has been discovered at
future colliders. We find that only chargino and top squark loops can generate a sizeable difference between
the standard and the SUSY Higgs—photon couplings. For masses above 250 GeV, the effect of chargino
loops on the two—photon width is however smaller than ~ 10% in the entire SUSY parameter space. Top
squarks heavier than 250 GeV can induce deviations larger than 10% only if their couplings to the Higgs
boson are large. Since top squark contributions can be sizeable, we derive the two—loop QCD correction
to squark loops and show that they are well under control.

1 Introduction

In supersymmetric (SUSY) theories, the Higgs sector is ex-
tended to contain at least two isodoublets of scalar fields.
In the minimal version, the Minimal Supersymmetric Stan-
dard Model (MSSM), this leads to the existence of five
Higgs particles: two CP—even Higgs bosons h and H, a
CP-odd or pseudoscalar Higgs boson A, and two charged
Higgs particles H* [1]. Besides the four masses, two addi-
tional parameters are needed to describe the Higgs sector
at tree—level: tan 3 the ratio of the two vacuum expecta-
tion values and a mixing angle « in the CP—even sector.
However, only two of these parameters are independent,
and choosing the pseudoscalar mass M4 and tan 3 as in-
puts, the structure of the MSSM Higgs sector is entirely
determined.

If the pseudoscalar mass M, is very large, M3 > MZ,
the pattern of Higgs masses is quite regular. The heavy
CP-even, CP-odd and charged Higgs bosons are nearly
mass degenerate, My ~ Mpy+ ~ My, while the lightest
CP—even h particle reaches its maximal mass value. At
tree level, this value is simply a function of tan 8, M}18X =
Myz| cos 20| < My. However when including the radiative
corrections [2, 3] which grow as the fourth power of the top
mass and logarithmically with the common squark mass,
the upper bound is shifted upwards, M"8* ~ 130 GeV.
In this so called decoupling limit [4], which in practice
is reached for M4 ~ 300 GeV, the lightest SUSY Higgs
boson h has almost the same properties as the SM Higgs
particle H° and the MSSM and SM Higgs sectors look

practically the same, with one light Higgs boson with a
mass below ~ 130 GeV.

In the case where no genuine SUSY particle and no ad-
ditional Higgs boson has been discovered at future high—
energy colliders, the task of discriminating between the
lightest SUSY and the standard Higgs bosons, and there-
fore between the MSSM and the SM, in the decoupling
limit is challenging. Indeed, since both have almost the
same couplings to fermions and vector bosons, the pro-
duction rates and the decay branching ratios [when SUSY
Higgs decays are kinematically not allowed] are practically
identical.

Only indirectly that one can distinguish between the
two models: if the SM is extended to the GUT scale, the
value m; ~ 175 GeV requires a Higgs boson heavier than
Mpo 2 130 GeV [5] in order that the vacuum remains sta-
ble; since in the MSSM, Mj, is constrained to be lighter
than ~ 130 GeV, the measured Higgs mass will allow to
discriminate between the SM and MSSM scenarios [6].
However, one can assume that new physics beyond the
SM exists at a scale A < 10 TeV and in this case, Higgs
masses in the range Myo ~ Mz will be still allowed. Fur-
thermore, the SUSY Higgs mass bound M}, < 130 GeV is
valid only in the MSSM: for more general SUSY scenarios
where the Higgs sector is even more complicated [for in-
stance in the NMSSM where an additional Higgs singlet is
added], the upper bound on the lightest Higgs mass from
triviality can be extended to M*8% ~ 150 GeV [7], leav-
ing a room for an overlap between the allowed h and H°
masses.
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Fig. 1. Typical triangle diagrams contributing to the Higgs
decay into two photons in the MSSM

A more “direct” way to discriminate between the stan-
dard and the lightest SUSY Higgs particles is to look at
loop induced Higgs boson couplings such as the ®gg [8],
@Z~ 9] and Py [10] couplings, ® = h or H'. In the SM,
these couplings are mediated by heavy quark and W bo-
son loops [only quark loops for the Hgg coupling]: since
their couplings to the Higgs boson grow with the mass,
they balance the decrease of the triangle amplitude with
increasing loop mass, and these particles do not decouple
even for masses much larger than Mygo. In supersymmet-
ric theories, additional contributions will be induced by
loops with charged Higgs bosons, charginos and sfermions
[typical triangle diagrams are displayed in Fig. 1]. How-
ever, since the SUSY particles do not couple to the Higgs
boson proportionally to their masses, their contributions
are expected to be rather small for large masses. For very
heavy SUSY particles, the loop induced vertices reduce to
their SM values and again, no distinction between the SM
and the MSSM can be made.

The ®gg vertex can be measured in the main Higgs
production process gg — @ at hadron colliders, or via the
branching ratio BR(® — gg) with the Higgs boson pro-
duced at eTe™ colliders. At the LHC, the determination
of the cross section o(g9 — @) to the level of ten per-
cent is rather difficult, due to uncertainties from the QCD
corrections [which at next—to-leading order are very large
[11,12], increasing the cross section by almost a factor of
two] and to a lesser extent from the parton densities. The
branching ratio BR(® — g¢g) is of the order of a few per-
cent for Mg ~ 100 GeV, and its measurement at eTe™
colliders with an accuracy of more than a few ten percent
is also very difficult due to the contamination from charm
and bottom quarks [13].

The ©Z~ vertex can be measured in the decay Z — @~
at LEP and SLC if Mg < My, or in the reverse decay
& — Z~ if My > My with the Higgs boson produced in
the gg — @ fusion mechanism at the LHC. However the
rates are very small, BR(Z — &) < 107 and BR(® —
Z~y — It17) <1074, leading to only a few events at LEP
or the LHC and making the determination of the ®Z~
vertex with a reasonable accuracy very difficult. At future
eTe™ colliders with the expected integrated luminosities
J £ ~ 50 fb~!, running a few months on the Z resonance
would allow to obtain a large sample of Z — @ events
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if Mg < Myz; a precise measurement of the 2~ coupling
would be possible in this case [14].

The prospects for measuring the loop induced @~y ver-
tex are as follows:

(i) At the LHC the production rate for light Higgs
bosons is very large, o(gg — @) ~ 100 pb [15], and de-
spite of the small branching ratio BR(® — ~7) ~ 1073,
one would still have O(10%) vy events after filtering out
most of the background events, if the luminosity is high
enough, £ ~ 10%* cm=2s~!. However, as discussed ear-
lier, besides the uncertainties from the parton densities,
the theoretical prediction of the production cross sections
is affected by large uncertainties from higher QCD cor-
rections. Uncertainties also arise from the continuum ~~
background. Since one measures only o xBR, a clean ex-
traction of the & — ~v width will be rather difficult.

(ii) At ete™ colliders!, the main production mech-
anisms for Higgs particles are the bremsstrahlung pro-
cess eTe” — ®Z and the WW fusion process eTe™ —
W*W* — &v,v, [15]. At energies in the range of /s ~ 500
GeV, the cross sections are around 100 b for each process;
even for integrated luminosities of ~ 50 fb~! one would
have only a few @ — v+ events, a sample which does not
allow a precise measurement. At higher energies the cross
section for the WW fusion mechanism increases logarith-
mically: at /s ~ 1.5 TeV and with [ £ ~ 200 fb~!, one
would have O(100) events allowing for a decent measure-
ment. However, if no SUSY particles have been found at
this energy, their effect on the & — ~~ width will probably
be too small to be visible.

(#41) The most promising way to have access to the ¢y~
coupling is via the single Higgs production in the fusion
process vy — @ [18-22], with the photons generated by
Compton—back scattering of laser light [23]. One can tune
the energy of the v+ collider such as to produce the Higgs
boson as a resonance in the s-channel. If the luminosity
of the v collider is of the same order as the luminosity
of the original eTe™ collider, large production rates can
be obtained. A measurement of the ® — ~~ partial decay
width with a precision of the order of 10% could be feasible
as will be discussed later.

There are several studies of the Higgs—photon coupling
in the MSSM [26] which however mainly focussed on the
detectability of the h — =~ signal at the LHC. In this
paper, we analyze this coupling with a different perspec-
tive: we scan the entire MSSM parameter space and single
out the regions where the SUSY loops could give signifi-
cant contributions. Our aim is to answer to the important
question [since the measurement of the Higgs—photon cou-
pling is one of the most important goals of the presently
discussed 77 colliders] of how well one needs to measure
the ® — v~ width in order to discriminate between the SM
and the MSSM Higgs boson in the decoupling regime, if
no SUSY particle has been observed directly at the LHC

1 At eTe™ colliders one can also measure the ete™ — &y
cross section which is built up by loops of heavy particles [16];
however the cross sections are rather small, and large lumi-
nosities will be required. Another possibility is provided by
the process ye~ — e~ ® as recently discussed in [17]
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or at an eTe” collider with a c.m. energy of /s = 500
GeV.

The paper is organized as follows. In the next section,
we describe the Higgs sector in the decoupling limit and
present for completeness the formulae for the loop contri-
butions to the @y coupling. In Sect. 3, we analyze the
Higgs production at v colliders, and estimate the preci-
sion with which the Higgs—photon coupling can be mea-
sured. In Sect. 4 we discuss the various contributions and
isolate the parameter space in which these contributions
are significant. Our conclusions will be given in Sect. 5.
In the Appendix, we derive the QCD correction to the
squark loop contribution to the &+ amplitude.

2 The Higgs—Photon coupling in the MSSM

In the MSSM, using M4 and tan 3 as input parameters,
and including the leading radiative correction which can
be parameterized in terms of the quantity [2]

3Gr m% m2
== log [ 1+ —% 1
‘ V272 sin? ©8 m? (1)

with mg the common squark mass, the CP-even Higgs
boson masses are given by

M g =5 (M3 + Mz +e) |15 (2)

N =

1
. 4Mf‘M% cos? 203 + e(M?3 sin? B+ M2 cos? 3) ’
(M3 + M% +¢)?

In the decoupling limit, M35 > M3, the Higgs masses
approach the values

M, — \/M% cos? 23 + esin® 3

N eM?2 cos? 8
2M3 (M2 cos? 233 + esin® 3)

M2 sin® 23 + € cos? 6]

x |1

oM

M2 sin’ 26 + ecos? 8
2M3

Mi — Ma [1 + 3)

The h and H boson masses are displayed in Fig. 2 as
a function of the pseudoscalar mass for several values of
tan3 = 1.1, 1.6, 5 and 50 and for m3=250 GeV and 1
TeV. In the case of h, the decoupling limit M), ~ M PaX
is reached very quickly for large values of tan 3 [already
for Ma ~ 110 GeV] and the maximal h mass is large,
up to MiM* ~ 130 GeV. For small tan values, the
maximum h mass is rather small for tan 3 = 1.1; this
is due to the fact that cos23 is close to zero and M},
is entirely generated through radiative corrections. The
approach to the decoupling limit is rather slow, and for
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Fig. 2. The masses of the three MSSM Higgs bosons h, H and
H?* as a function of the pseudoscalar mass M4 for tan 8 =
1.1, 1.6, 5 and 50; the common squark mass is set to mg = 250
GeV a and 1 TeV b and the squark mixing is neglected

tan 8 = 1.6, the value M™"@* ~ 80-100 GeV is reached
only for M4 ~ 500 GeV. In the decoupling limit, the
heavy CP-even Higgs particle becomes degenerate with
the pseudoscalar, My ~ M 4. Similarly to h, this occurs
very quickly for high tan 8 and slowly for low tan § values.

The charged Higgs boson mass is not affected by the
large radiative correction (1) and does not depend on
tan 3, it is simply given by

WEREL
M%izMAP+W]
M3
— M4 for My > My (4)
It is shown in Fig. 2 together with the h/H masses. Fi-

nally, the mixing angle a which also receives large radia-
tive corrections

M3 + M3 .
M?% — M2 +¢€/cos23’
—g<a<0, (5)

tan 2a = tan 20
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reaches the values @ — 8 — 7/2 in the decoupling limit.
The two-photon decay width of a CP—even Higgs par-
ticle @ = h, H can be written as [1]

ZAi(Ti)

where the scaling variable 7; is defined as 7, = M2 /4m?
with m; the mass of the loop particle. While in the SM
one has only contributions from the W boson and heavy
fermions, in the MSSM additional contributions are pro-
vided by the charged Higgs boson, the two chargino states
and the scalar partners of the fermions; Fig. 1. Factoriz-
ing the reduced couplings of these particles to the Higgs
boson and to the photons, the amplitudes of the various
contributions read [1]

o GFOPM;’

(@ —yy) = 128Vars

(6)

Aw = goww Fi(tw)
Ay = NQ3gass Fiyo(Ty)
2
Ap+ = goa+H- M—QW Fo(g+)
H*

My
AXi = gqf'xi X; m—XL Fl/Q(TXi)
M2
Aj = NeQ3d01.7, m—ch Fo(r,) (7)
with V. the color factor and @ the electric charge of the

(s)fermion in units of the proton charge. With the help of
the function f(7) defined by

arcsinz\/F 7<1
f(r)= 1 14+4/1—7-1 . 2 (8)
—2 log ﬁ — T T>1

the spin 1, 1/2 and spin 0 amplitudes are given by [1]
Fi(r) = 272 4+ 31 + 3(27 — 1) f(7)]/72
Fiyo(1) = =2[r + (1 = 1) f(7)] /7
Fy(r) = [r = f(r)]/7? (9)

The amplitudes are real if the Higgs mass is below the
particle threshold, Mg < 2m;, while they are complex
above this threshold. In the limit of heavy loop masses,
T <« 1, these amplitudes reach the asymptotic values
4 1
F—+7 F1/2—>—§ and F0—>—§ (10)
Note that while the W and fermion loops give finite con-
tributions in the asymptotic limit, the contributions of the
charged Higgs boson, the charginos and the sfermions van-
ish in the large loop mass limit since the amplitudes A;
are damped by the heavy masses.

3 Higgs production at v Colliders

The two—photon width of Higgs bosons can be directly
measured at 7 colliders, with the photons generated by
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Compton back-scattering of laser beams from electron
beams [23]. The electron and laser beam polarizations can
be chosen such as to tune the photon energy spectrum and
produce a peak at a fixed energy. The energy of the ~v
collider can be as much as ~ 80% of that of the origi-
nal ete™ collider [19,23]. In the following, we will discuss
briefly the production of the SM Higgs boson in the inter-
mediate mass range at photon colliders; we will consider
the various backgrounds and estimate the precision with
which the H® — ~7 width could be measured. For this
purpose we will follow [19] from which the collider config-
uration, like beam polarization, conversion distance, etc.,
is taken from. We will assume that the Higgs boson mass
My is already known and therefore, choose the option in
which the beam energy is tuned for the v+ luminosity to
peak at Mpy. We also adopt the option where the hand-
edness of the electron/positron beams and laser photons
are opposite in order to enhance the Jz = 0 partial wave
in which the Higgs boson signal occurs.

For masses below My < 130 GeV, the Higgs boson will

dominantly decay into bb pairs; decays into charm quarks,
7 leptons and gluons occur at the level of a few percent
and for masses close to My ~ 130 GeV, the WW decay
mode becomes important and reaches a branching ratio of
~ 30% [27]. The Higgs boson is extremely narrow, with
a total decay width below ~ 10 MeV. Being induced by
loops, the H? — ~~ width is very small, of order of a few
10 keV in the mass range 80 GeV < My < 130 GeV.
For a complete discussion, see [27] from which we take the
inputs for masses and couplings.

Since the process we are interested in proceeds through
a very narrow resonance, the detector accuracy when com-
paring the vy — HY — bb signal and the background
should be taken into account. A simple way to obtain the
effective signal and backgrounds consists of introducing a
gaussian smearing of the two—photon invariant mass W,

L 0 / T aw L
Traw T V2
(W —W)2\ dL .
xexp{ 552 T (W'

(11)
and selecting events within a bin of invariant masses My =+
A.  In the previous expression, Leg  and
Ym+/Sete— are the effective luminosity and the maximum
energy of the v collider; § is one sigma of the detector
resolution for W. The cross section for the signal process
vy — HC® — bb can be written as

T'(H® — vv)BR(H" — bb)
M
X(14+ AMA2)6(W — Myg) , (12)
where the helicities of the scattered photons must be such

that A\;A2 = 1. Inserting the cross section in (11), and
selecting the events in the bin My + A, one obtains

dL Jz=0

dWw

bgq(W) = 4r?

Let 085 (Mu) = R(A/5)
W=Mpg
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o, I'(H® — yv)B(H® — bb)

X8 M%I ,

(13)

with R(A/6) being the Gaussian error function, describing
the fraction of signal events contained in the bin My + A
[for instance, for A = 1.256 one has R ~ 0.75].

In the intermediate mass range, 80 GeV < My <
130 GeV, the main source of background is the contin-
uum production of b— and c—quark pairs, including gluon
radiation which leads to fake two—jet events [21]. The
contribution of resolved photons to heavy quark produc-
tion is rather controversial since the partonic distribution
functions for polarised photons are not yet available; see
the discussions given in [19,22]. Another potentially large
background for My ~ Mz, is the process ey — (e)Z — bb
which comes from the residual electrons that were left
over from the Compton scattering; the scattered electron
is emitted backwards down the beampipe. It can be re-
duced by removing the residual electrons from the inter-
action region with a strong magnetic field, and this re-
quires a non zero conversion distance [23]. Finally, we have
vy — Z(ff) — bb [19,24] which would constitute a seri-
ous problem that may be overcome using a very peaked
77 luminosity distribution at W =~ My to greatly increase
the signal-to—background ratio.

Here, we will only include the continuum ¢g and ¢g(g)
backgrounds that we calculated using the package HELAS
[25]. As in [20], we have used the following set of ex-
perimental cuts for the signal and backgrounds: (i) both
jets from the ¢ and ¢ should be visible in the detector:
|cosBy 4] < 0.7; (ii) the gluon jet should escape detec-
tion: | cos 0| > 0.9; (iii) the jets should be clearly isolated:
m3j/Sete- > 0.02; (iv) the missing pr and the aplanarity
due to missing gluon should be small: /pr < 10 GeV
and ||¢q + ¢g] — w| < 0.02. For the detector accuracy, we
also employ the same resolution as in [20]: § = 4 GeV
and A = 5 GeV for half of the width of the selection
interval. The effective cross sections for a tuned energy
0.8,/5c+e~ = Mp are given in Table 1 for three choices of
the Higgs boson mass My = 80,105 and 130 GeV.

For the bb final state, we will assume a detection effi-
ciency of 50% [which should be achieved in the future by
micro—vertex detectors] with a 5% contamination from cé
final states. On the other hand, only the events where both
quarks decay hadronically should be collected to estimate
the v invariant mass; the hadronic decay branching ra-
tios of b— and c—flavored hadrons are 75% and 82% respec-
tively. Multiplying the tagging efficiencies times the square
of the hadronic branching ratios, we obtain the corrected
effective cross sections in Table 2. As can be seen, the ra-
diative background is completely negligible and the signal
cross sections are much larger than the backgrounds, es-
pecially for high Higgs boson masses, leading to a large
statistical significance for the Higgs boson signal. ~

The measurement of I'(H° — ~v) x BR(H® — bb)
will follow from (13) if the luminosity, the tagging and
mass reconstruction efficiencies as well as the Higgs boson
mass are precisely known. Assuming that BR(H" — bb)
is given by the SM and that the uncertainties in all the
previous quantities are negligible, the statistical error in
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Table 1. Effective cross sections [in fb] for the signal and the
backgrounds for a tuned energy 0.8,/s.+.— = Mg and the
luminosity distribution of Fig. 16 of [19]

Process / My 80 GeV 105 GeV 130 GeV
vy — H® —bb 67.9 73.0 62.6
Yy — bb 18.1 713 3.40
Ny — B 240 99.4 49.2
vy — bb(g) 0.13 0.05 0.02
vy — cc(g) 1.72 0.72 0.36

Table 2. Corrected effective cross sections [in fb] to include
tagging efficiency and the invariant mass reconstruction. An
integrated luminosity of 10 fb™ ! is assumed for the evaluation
of the statistical significance and the sensitivity to the two—
photon width of the Higgs boson

Process / My 80 GeV 105 GeV 130 GeV
S H SBb 191 205 17.6
P 5.00 2.00 0.96
oy — CE 8.07 3.34 1.65
vy — bb(g) 0037  0.014 0.006
vy — cé(g) 0.058 0.024 0.012
Total BG 13.3 5.38 2.63
Signal/BG 1.44 3.81 6.69
Stat. Sign. 16.6 27.9 34.3
Sens. to Iy, 9.4% 7.8% 8.1%

the I'(H® — ~v) determination is

Ar 1 J/S+B
' VL S

which is about 10% for an effective luminosity Leg =
10 fb~!. Increasing the luminosity and improving the b—
tagging efficiency and purity as well as the reconstruction
of the bb invariant mass would enhance the sensitivity to
the hy~y coupling.

4 Loop contributions in the MSSM
4.1 W boson loop

Compared to the SM case where ggoywyw = 1, the W
boson amplitude for the lightest MSSM Higgs particle h
is suppressed by a factor ghww = sin(8 — «). However,
in the decoupling regime M?% > M2, the h(WW coupling
approaches quickly the SM coupling

ghww = sin(8 — a)
1 M} € 2
1—=-sin®48—"42 |1 — ——
- 8 sin” 40 Mf‘ [ 2M?2 cos Qﬁ]
(14)

— 1

The W boson form factor Ay is shown in Fig. 3a as

a function of M}, both in the SM and in the MSSM. The
MSSM contribution has been obtained by fixing the pseu-

doscalar mass to M4 = 250 GeV and varying the value of
tan B from tan 8 = 1.1 to 50. The difference between the
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SM and the MSSM contributions is very small, even for
low tan 8 values where the decoupling limit is not com-
pletely reached yet for M4 = 250 GeV. This is due to
the fact that sin(8 — «) approaches unity very quickly, the
difference being of O(M%/M?%).

4.2 Fermion loops

Since the @f f couplings are proportional to the fermion
mass, the contribution of the light fermions to the &yy am-
plitude is negligible. Only the top quark, and to a smaller

extent the charm and bottom quark, as well as the 7 lep-
ton, will effectively contribute. Compared to the SM case
where gposp = 1, the huu/hdd couplings are suppressed/
enhanced by the factors

cos o
sin 8
2

1M
— 14 iM—gcotﬁsinllﬂ {1

Jhuu =

€
~ 2MZ cos 25}

— 1
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sin «v

Ghdd = T eos 3

2

1M
— 1— ="~ tanfsin4s3 [1

€
2 M2 ~ 2M2 cos 25}

(15)

— 1

The fermionic amplitudes A; and A, ., are shown in
Fig. 3b as a function of M}, with M, again fixed to
250 GeV. In the SM, the dominant fermionic contribu-
tion A; is almost constant and can be approximated by
Ay ~ N. Q7 Fy/5(0) = —16/9. It is smaller than the W bo-
son contribution and the two amplitudes interfere destruc-
tively. In the MSSM, the variation with M}, is rather pro-
nounced. This is due to the variation of the coupling gp .
since the decoupling limit is not reached yet for M4 = 250
GeV and small tan 3 values: contrary to gpww, the cou-
pling gp.. approaches the decoupling limit slowly, gy, —
1 - O(M2/M3).

For the bottom quark loop, the amplitude A has both
real and imaginary parts since M; > 2my. The real part
of Ay, calculated with a running mass m,(M2) ~ 3 GeV,
is much smaller compared to A; as expected?, but is of the
same order as A, since the latter is not penalized by the
charge factor. The imaginary parts Im(A, ) are larger
than Re(Asp, ), but since they do not interfere with the
dominant Aw and A; contributions, their effect on the
® — ~v width is rather small. Note that the difference
between the SM and MSSM is still rather large for M4 =
250 GeV, however, this difference will hardly be noticed
in I'(h — ~7) since the contributions of the b and 7 loops
are small.

Finally, we note that the QCD corrections to the dom-
inant top quark loop are well under control and can be
included by simply multiplying the Born amplitude by a
factor (1 — as/m). The QCD corrections to the b quark
loop do not exceed the level of a few times a /7 if the
running b quark mass at a scale Mg /2 is used in the Born
amplitude; for more details on these corrections, see [12].

4.3 Charged Higgs boson loops

In the coupling of the lightest CP—even Higgs particle h
to charged Higgs bosons, large radiative corrections which
cannot be mapped into the mixing angle « will appear.
Retaining again only the leading correction, the g, g+ -
coupling is given by [28]

cos 203sin(f + «)
2¢2,

gha+ra+ = sin(B —a) +

L€ cosa cos? 3
2¢2,M%Z  sinf

(16)

with s%v =1- C%V = sin? . In the decoupling limit,
the coupling reduces up to O(e) terms, to gpg+g+ — 1 —
cos? 23/ (2¢%,).

2 In the MSSM, however, far from the decoupling limit and
for large values of tan 3, the amplitude A, can be very large
since the coupling gns» ~ tan ( is strongly enhanced
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The form factor Ag+ is shown in Fig. 4a as a function
of My« for tan 3 = 1.6, 5 and 50. Because the contribu-
tion is damped by a factor 1 /M?Ii for large H* masses,
and also because the spin—zero amplitude Fj is small, the
charged Higgs contribution to the hvy~y coupling is very
small. For low masses, Mg+ ~ 100 GeV, A+ can reach
values close to ~ —0.1, but for Mg+ 2> 250 GeV the con-
tribution of the H* loop is already only a few per mille
of that of the dominant W boson loop, and is therefore
completely negligible®.

4.4 Scalar lepton and quark loops

The left— and right-handed scalar partners of each SM
charged fermion, f; and fg, mix to give the mass eigen-
states fi1 and fs. The mixing angle is proportional to the
fermion mass and is therefore important only in the case
of the top squarks [29]; for the scalar partners of light
fermions the current eigenstates are identical to the mass
eigenstates®. In this subsection, we will discuss the con-
tribution of slepton and the scalar partners of the light
quarks only, the contributions of top squark loops will be
discussed separately later.

The reduced couplings of the A boson to the left—
handed and right-handed partners of light fermions, are
given by

Infnfr = (L{ — Qysyy)sin(B + )

= Qs sin(8 + a) (17)

Inirfr
with I] = 4#1/2 and Q; the weak isospin and the electric
charge of the fermion f. In the decoupling limit, one has
sin(8 + a) — —cos 2.

The contributions of the slepton and squark [except for
top squark] loops are shown in Fig. 4b as functions of the
masses and for the three values tan § = 1.6, 5 and 50 with
My fixed to 250 GeV. We have summed over all slepton
and squark [except stop] contributions, and used common
masses m; and mg, which is approximately the case in
SUSY-GUT models. The form factor A; is approximately
equal to Ay+ except that the trend for various tan 8 val-
ues is reversed. The contribution of the squark loops Aj
has almost the same magnitude as the contribution Ay,
but it is of opposite sign. As in the case of the charged
Higgs boson, slepton and squark loop contributions to the
h — 77 decay width are very small: in the decoupling limit
and for loop masses above 250 GeV, they do not exceed a
few per mille and can be safely neglected.

3 Note that in two-Higgs doublet models, charged Higgs bo-
son loops will provide the only additional contribution to the
h~v coupling. Since this contribution is very small, discriminat-
ing between this model and the SM in the decoupling regime
using the hvyvy coupling will not be possible

4 The mixing in the sbottom sector can also be sizeable for
large values of tan 3. We have checked explicitely that this mix-
ing will not affect significantly the numerical results compared
to the no—mixing case, if the value of the off-diagonal entry in
the sbottom mass matrix is not prohibitively large
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4.5 Top squark loops

Due to the large value of the top quark mass, the mixing
between the left— and right—handed scalar partners of the
top quark, ¢ and g, can be very large. The mass eigen-
states £; and t, are obtained by diagonalizing the mass

matrix
9 mtgL + th me thR
Mf = mamLR 2 42
i m my

ir

(18)

In terms of the mass parameters mg and mg, the soft—
SUSY breaking trilinear couplings A; and the Higgs—higgs-
ino mass parameter p, the mass parameters mz, and m;_

and the off-diagonal term mI ¥ read
2 2 2) 1 2 2 M2
mgL —mq+COS ,8 §_§SW VA

2
mth =m2 + 3 cos 20 s¥, M2
mER = Ay — i cot . (19)

The mass parameters mg and my are generally assumed
to be equal. In this case, m;, and m;, are approximately
equal to the common mass of the scalar partners of light

quarks mg. The top squark masses and the mixing angle
are then given by

1
2 _ .2 2 2
fi M + 5 [me + mi,
F\f(m, —m2 )2+ 2memER)2 | (20)
9 LR m2 —m?
sin 20, = % , cos20; = % (21)
m2 —m? : —m3
t1 to t1 ta

The couplings of the A boson to top squarks in the pres-
ence of mixing are given by

1 4
ght~1fl = 5 Sin(a + /6) |:COS2 et - 5512/1/ COS 29t:|

cosa m?
sin 8 M2

my sin 20, [cos o

sin a
M2 |sing "

sin 3 K

1 4
Ihtats = 5 sin(a + 3) [Sin2 0 + gs%‘, cos 204

CoS (v mt2 my sin 20; [ cos a n sin o
sin 8 M2 2M?2 sin 8 ‘ sin 8 K

(22)
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In the decoupling limit, these vertices reduce to

1 [ 4
Iniyiy = 7 €08 23 |cos? 0, — gs%,v cos 204
2 ) LR
my 1. mgmy
_M—% + 5 S1n QQtT%
1 [ o 4,
ghfzfg = —5 COos 26 sin et + gSW COS 20t
2 ) LR
my 1 - mgmy
_Mig — 5 Sin QHtT% (23)

Assuming as usual that m;, = m;_ = mg, the only pa-
rameters which enter the contribution of the ¢ loops to
the h — 7 decay width in the decoupling limit are mg
[that we will trade against my, ] and m{¥. There is also a
dependence on tan 8 which arises from the Higgs coupling
to top squarks and from the mixing angle since the stop
mass matrix contains also a small cos23 term. However,
this dependence on tan ( is rather small.

In Fig. 5a, we show contour plots in the (m{*, m;)
plane for which the contribution A; [which includes the
amplitudes of both top squarks] to the hyy coupling is
|Az| = 2,1,0.5 and 0.2. For the sake of convenience, we
also display in Fig. 5b, contours in the (m{®, m; ) plane
for fixed masses of the heavy top squark and the scalar
partners of the light squarks. To have a better insight on
the various contributions, we show in Fig. 6 three dimen-

-500 o]

500 1000
m S [GeV]

sional plots of the two separate top squark amplitudes Az,
and Afz'

The amplitude A; is symmetric for positive and nega-
tive mIf values because for large m*%, the hit coupling is
dominated by the sin 20;mIf term and sin 26, is propor-
tional to m&%; for small m&* the dominant piece of the
htt coupling is proportional to m?. To discuss the effect of
the mixing, it is convenient to divide the parameter space
into three regions: intermediate |mI%| values around the
region delimited by the contour A; = 0, large and small
|mET| values away from this contour.

For large |mF%|, the contributions are large and pos-
itive; for light enough top squarks, m; ~ 100 GeV, they
can reach the value A; ~ 2 for [mEf| ~ 1 TeV, therefore
almost cancelling the top quark loop contribution A;. For
a given my , Ay is larger for higher values of m{* because
in this case, the coupling hit ~ m ¥ is strongly enhanced.
For large m; , the two top squarks will have comparable
masses [see Fig. 5b], and since the signs in the dominant
component of the ht;t; and hiyts couplings are opposite,
the two amplitudes will partly cancel each other; Fig. 6.

For small [m£%|, there is a region [the small “menhir”
around m{® = 0] where no solution for m; < my is al-
lowed when diagonalizing the mass matrix; however, this
region is already excluded by CDF /D0 data from the neg-
ative search of scalar partners of light quarks with masses
mg < 150 GeV [30]; Fig. 5b. For very heavy gluinos this

~
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Fig. 6. The separate contributions of the lightest a and the
heaviest b top squark loops to the form factor A; as a function
of mF® and mg,

bound can be lowered; here, however, we assume that the
gluino mass is not much larger than the squark mass as
it is the case in the constrained MSSM. The amplitudes
in this region are negative since the dominant compo-
nent of the htt is now proportional to m? and has op-
posite sign compared to the dominant off diagonal cou-
pling when m % is large. A; decreases with increasing top
squark mass as expected, and can reach the almost max-
imal value A; ~ —0.5 for m; < 250 GeV; however, most
of this region is again ruled out by the CDF/D0 bound
mg 2, 150 GeV as shown in Fig. 5b.

For intermediate values of |mF%|, there is a balance
between the two components of the ht;t; coupling which
tend to cancel each other, and the two contributions Az

and A;, which become comparable [since for relatively
large my,, t, and f5 have comparable masses, Fig. 5b, and
Az, is small] and interfere destructively. At some stage,
the two contributions cancel each other leading to the con-
tour A; = 0 of Fig. 5a. As one can see, for top squarks not
much heavier than ~ 250 GeV, one can have contributions
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of the order of 10% or more to the h — vy decay width
if the off-diagonal entry in the stop mass matrix is large,
ImEFE| > 1 TeV.

Since top squark contributions can be relatively large,
we have derived the two—loop QCD corrections to the
scalar quark loops in the limit of heavy squarks, using
low energy theorems. The derivation of the result is done
in the Appendix. The effect of the QCD corrections is to
shift the value of the Born form—factor A; by an amount

Aq _ Aq]?orn |:1 4 8a3:|

3 (24)

The correction is about three times larger than in the case
of quark loops, and has opposite sign. It is of the order of
~ 10%, and therefore well under control.

4.6 Chargino loops
The masses of the two chargino states depend on tan 3,

the gaugino mass parameter Ms and the Higgs—higgsino
mass parameter p:

1
m?, = 5| ME w2
¥ {(M22 — 1i2)? + 4MD, cos? 28
1/2
FAMZ, (M2 + 2 + 2Mapusin Zﬂ)} ] (25)

The chargino couplings to the lightest Higgs boson h are
given by [31]

Ihntxy = \/i{cosacos fF sinf~
+sinasinfT cos 9_}
Innrs = —5\/§[cosacos 0~ sinft

+sinasin 0~ cos 9+} (26)

with ¢ = sign(Map — M2, sin23) and the angles 6% ac-
cording to

_ 2V2My (M; cos 8+ psin 3)
tan20~ = 5 3 5
M35 — pu? — 2My, cos 23
2v/ 2 My (Mo si
tan29+: \/_ W( lenﬁ—FMCOSﬂ) (27)

M3 — u? + 2M3, cos 23

Note that in the decoupling limit, one has cosa = sin 3
and sina = — cos (.

The contribution A, of the chargino loops to the hyy
coupling is shown in Fig. 7 in the (Ms, i) plane for the two
values tan 3 = 1.6 and 50. Contours for |4, | = 0.5,0.3,0.2
and 0.1 as well as the region of the parameter space for
which the lightest chargino mass is larger than 90 GeV [a
value below which the charginos will be found at LEP2]
and 250 GeV [which will be probed at a 500 GeV ete™
collider], have been drawn.
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Fig. 7. Contours in the (Ms, 1) plane for tan 3 = 1.6 a and
tan 8 = 50 b for which the contribution of the chargino loops to
the hvyvy coupling is |Ay| = 0.1, 0.2, 0.3 and 0.5. Also included
are the contours for which the lightest chargino mass is m+ =

90 and 250 GeV

The chargino contributions to the hvvy coupling are
much larger than those of charged Higgs bosons, sleptons
and the scalar partners of light quarks. This is due to
the fact that for heavy particles, the amplitude Fy/, —
—4/3 is larger than Fy — —1/3, and also because the
chargino contribution scales like A, ~ 1/m,, contrary to
the amplitudes for scalars which scale like 4; ~ 1/m?.
For high tan (8 the contributions are positive, while for
low tan 3 the amplitudes follow the sign of p.

The largest contributions are obtained for small val-
ues of tan 3. For chargino masses very close to the LEP2
limit, m,, ~ 100 GeV, one can have to A, > 0.5 inducing
contributions to I'(h — ~7) which exceed the 10% level.
For chargino masses above 250 GeV, the maximum A,
contribution will be below ~ 0.2 for both values of tan (3,
altering the total h — vy width by less than 10% percent.
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5 Conclusions

We have analyzed the contribution of charged Higgs bo-
sons, charginos, sleptons and squark loops to the coupling
of the lightest neutral Higgs boson to two photons in su-
persymmetric theories. Our aim was to determine the re-
gion of the MSSM parameter space in which one is still
sensitive to the additional SUSY loops, although no SUSY
particle has been produced directly at the LHC or at a fu-
ture eTe™ collider with a c.m. energy of /s = 500 GeV.
We focussed on the decoupling limit where all the addi-
tional MSSM Higgs bosons are very heavy. In this limit,
the h boson will have practically the same properties as
the standard Higgs particle, and the two—photon decay
could be used to discriminate between the SM and the
MSSM Higgs sectors. Our conclusions are as follows:

The contributions of charged Higgs bosons, sleptons
and the scalar partners of the light quarks including the
bottom squarks are extremely small. This is due to the
fact that these particles do not couple to the Higgs boson
proportionally to the mass, and the amplitude is damped
by inverse powers of the heavy mass squared; in addition,
the scalar loop amplitude is much smaller than the domi-
nant W amplitude. For masses above 250 GeV, the effect
of scalar particles [with the exception of the top squark]
on the h — v width does not exceed one precent level
and can therefore be neglected.

The contribution of the charginos to the two—photon
decay width can exceed the 10% level for masses close
to my ~ 100 GeV, but it becomes smaller with higher
masses. The deviation of the I'(h — 7) width from the
SM value induced by charginos with masses m, = 250
and 400 GeV is shown in Fig. 8a, as a function of M [u is
fixed by m, ] for tan 8 = 1.6 and 50. For chargino masses
above m, > 250 GeV [i.e. slightly above the limit where
charginos can be produced at a 500 GeV eTe™ collider],
the deviation is less than ~ 8% for the entire SUSY pa-
rameter space®. The deviation drops by a factor of two if
the chargino mass is increased to 400 GeV.

Because its coupling to the lightest Higgs boson can be
strongly enhanced, the top squark can generate sizeable
contributions to the two—photon decay width. For stop
masses in the ~ 100 GeV range, the contribution could
reach the level of the dominant W boson contribution and
the interference is constructive increasing drastically the
decay width. For #; masses around 250 GeV, the deviation
of the h — 7 decay width from the SM value can be still
at the level of 10% for a very large off-diagonal entry in
the stop mass matrix, mf® > 1 TeV [Fig. 8b]. For larger
masses, the deviation drops ~ 1 /mtg1 and the effect on
the decay width is below 2% for m; ~ 400 GeV even

at mFf ~ 1 TeV. For small values of m %, the deviation
does not exceed —8% even for a light top squark mz, ~ 250

5 The maximum deviation is obtained for M, values slightly
above the lightest chargino mass. The reason is that the Higgs
boson prefers to couple to mixtures of gauginos and higgsinos,
and in this region the hx} x| coupling is maximal. For larger
My values, )(1+ is a pure higgsino while for smaller M> values
it is a pure gaugino and the Higgs coupling is therefore small
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GeV. For this stop mass value, we have cut out the region
mEf < 200 GeV since there, the scalar partners of light
quarks will have masses smaller than mg ~ 250 GeV.
Thus, the only way to have a contribution to the two—
photon decay width of the h boson that is larger than 10%
is from a rather light stop squark m; < 300 GeV with

extremely large couplings to the Higgs boson, mi® > 1
TeV. However, for m; ~ 300 GeV and mif <1 TeV,
the scalar partners of the light quarks will have masses
around mg ~ 500 GeV and therefore should be observed
at the LHC. The only way to have a light top squark,
mg, ~ 300 GeV, while the other squarks are heavier than
1 TeV and escape detection at the LHC is to increase
mEf to ~ 5 TeV. For such large mE® values, the trilin-
ear scalar interaction become extremely strong and could
lead to dynamically favoured minima of the scalar po-
tential where charge is not conserved [32]. [A necessary,
though not sufficient condition to avoid these false vacua
is to choose mIf < 3myg; see [32].] Furthermore, the htt
coupling, g,z ~ mim3 5/(2M%), becomes very large and
perturbation theory is endangered.

In summary: only chargino and top squark loops can
lead to a sizable difference between the two-photon decay
width of the lightest SUSY and the standard Higgs bosons
in the decoupling limit. Charginos with masses above the
production threshold of a 500 GeV e™e™ collider will in-

Fig. 8. The deviations of the SUSY Higgs coupling to two
photons from the Standard Model value [in %] for two values
of tan 8 = 1.6 and 50 and the loops masses m; = 250 and 400
GeV. a Deviations due to the chargino loops as a function of
M for both signs of u, and b deviations due to the top squark
loops as a function of mE®

duce contributions which are smaller than a few percent
in the entire SUSY parameter space. Top squarks can
induce contributions which exceed the 10% level only if
they are just slightly heavier than ~ 250 GeV and if the
off-diagonal entry in the stop mass matrix is very large,
mI® > 1 TeV. In the region of parameter space where
both charginos and top squarks are light, the sum of the
two contributions can exceed the 10% level.

One therefore needs a measurement of the Higgs cou-
pling to two photons at ¥y colliders with an accuracy bet-
ter than 10% to discriminate between the standard and
the minimal SUSY Higgs scenarios if this discrimination
could not be achieved in the eTe™ option of the collider
with a c.m. energy in the 500 GeV range, or if scalar
quarks have not been observed at the LHC.
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Appendix:
QCD corrections to scalar quark loops

The calculation of the QCD corrections to scalar quark
loop contributions to the Higgs—two photon coupling can
be calculated by extending low—energy theorems [10] to
scalars at the two—loop level [12,33]. For a CP-even Higgs
boson H with a mass, My < 2mg which is the case here,
these theorems relate the matrix elements of the squark
contributions to the H~~ vertex to the photon two—point
function. In this Appendix, we will use these theorems to
derive the QCD corrections to the scalar loops due to pure
gluon exchange; this part of the correction is expected to
be the dominant one.

Denoting the matrix element of one squark contribu-
tion to the photon self-energy by MQ('yv), and the cor-
responding matrix element with an additional light Higgs
boson by M 5(yvH), one has at lowest order

1/2

wH _ 2 ,H 7Y -
MQ = (\/EGF) €596 Mo (9/\/1C~2 /Omg (A1)
with e5 and g2 the squark charge and its reduced cou-
pling to the Higgs boson. To extend this relation to higher
orders, one has to replace all quantities by their bare val-

ues, differentiate with respect to meg and then perform the

renormalization. In the case of pure gluon exchange, the

differentiation with respect to the bare squark mass m%

can be rewritten in terms of the renormalized mass meg-
A finite contribution to the QCD corrections arises from
the anomalous mass dimension -

0o 0 mg 9
MQoms T 11 ~-~ Om-
me, Y5 Omg

(A.2)

The remaining differentiation with respect to the renor-
malized squark mass of the photon two—point function
leads to the squark contribution to the § function, ﬂ@. The
final result for the squark contribution to the Higgs—two—
photon coupling can be expressed in terms of the effective
Lagrangian

5 12,95 Ba/a
£ = (vaar) ey e %F WELH (A3)
The QCD corrections to the squark loop are then fully de-
termined by the anomalous mass dimension of the squarks
Y5 = 4as/(3m) and by the squark contribution to the 3
function B5/a = 2a/m(1 + das/m) [34]. This results into
a final rescaling of the lowest—order Lagrangian by factor

8 a
wH yrH 27
MIH = MY {1—&—3#} (A.4)

This has to be compared with the case of heavy quark

loops where the QCD correction gives a rescaling factor
[12]

H H Qs

MPT MY [1 - ﬂ (A.5)
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